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A superconducting wire (12), containing NbTi superconduct-
ing material and Cu, comprising a multiplicity of hexagonal
elements, which, as seen in cross-section perpendicular to the
longitudinal direction of the superconducting wire (12), have
an at least approximately hexagonal outside contour is char-
acterized in that at least a portion of the hexagonal elements is
constituted as Cu—Al composite elements (3), wherein, in
cross-section perpendicular to the longitudinal direction of
the superconducting wire (12), the Cu—Al composite ele-
ments (3) are each constituted with an Al core (4) and a Cu
sheath (5) that surrounds the Al core (4). The NbTi supercon-
ducting wire is thereby stabilized and has low weight as well
as a reduced risk of crack formation during manufacturing,
especially during wire drawing.




US 2014/0155270 A1

Fig. 1
Fig. 2

10a
m‘
\Qa

Jun. 5,2014 Sheet1 of 8

Patent Application Publication
10b

9a




Patent Application Publication Jun. 5,2014 Sheet 2 of 8 US 2014/0155270 A1

Fig. 3
192 13a
N~ e
CRRTN
Sa®ata®
L 0.\ Fiq. 4
13b ‘A“V’...‘X“A’ 13 |g .

RS- RB
o2elele
AL
R

13¢

11



Patent Application Publication Jun. 5,2014 Sheet 3 of 8 US 2014/0155270 A1

13a

/‘

78
12\ Q..A \\
0 .
13b “.‘ 5 Fig. 5

”

14a




Patent Application Publication Jun. 5,2014 Sheet 4 of 8 US 2014/0155270 A1

CHTS

13¢c



Patent Application Publication Jun. 5,2014 Sheet 5 of 8 US 2014/0155270 A1




Patent Application Publication Jun. 5,2014 Sheet 6 of 8 US 2014/0155270 A1




Jun. 5,2014 Sheet 7 of 8 US 2014/0155270 A1

Patent Application Publication




Jun. 5,2014 Sheet 8 of 8 US 2014/0155270 A1

Patent Application Publication

b
e

B N



US 2014/0155270 Al

NBTI SUPERCONDUCTOR WITH REDUCED
WEIGHT

[0001] This application claims Paris Convention priority of
DE 10 2012 205 843.5 filed Apr. 11, 2012 the complete
disclosure of which is hereby incorporated by reference.

BACKGROUND OF THE INVENTION

[0002] The invention relates to a superconducting wire,
containing NbTi superconducting material and Cu, compris-
ing a multiplicity of hexagonal elements, which have an at
least approximately hexagonal outside contour, as seen in
cross-section perpendicular to the longitudinal direction of
the superconducting wire.

[0003] Such a superconducting wire is disclosed in U.S.
Pat. No. 5,088,183 A.

[0004] Niobium-titanium (NbTi) is an important supercon-
ducting material, which, due to its good plastic deformability
(both as a final material and with respect to its precursors), can
be deployed in a variety of ways, for example, in supercon-
ducting magnet coils or in superconducting cables. The NbTi
superconducting material is typically integrated in a super-
conducting wire, wherein a multiplicity of NbTi filaments
usually extend in the longitudinal direction of the supercon-
ducting wire.

[0005] The wire manufacturing process usually includes,
as part of a drawing process, plastic deformation into a hex-
agonal outside cross-section in order to simplify the bundling
process of individual NbTi filaments (or also other structures
and intermediate structures). The resulting hexagonal ele-
ments can then be very compactly disposed, for example, in a
copper enclosing tube, cf. U.S. Pat. No. 5,088,183 A referred
to above.

[0006] The superconducting properties of NbTi are only
achieved at especially low temperatures, below approx. 9 K,
so that the superconductor must be cooled, for example, with
liquid helium. Moreover, the superconducting condition can-
not be maintained if the magnetic field strength or the electric
current density is too high.

[0007] NbTisuperconducting wires are typically stabilized
with copper (Cu), usually with a high degree of purity. The
copper runs parallel with the superconducting filaments in the
superconducting wire; for example, the copper can constitute
a matrix for superconducting NbTi filaments. Copper is a
good heat conductor, through which effective cooling of the
superconducting NbTi filaments can be achieved. Further-
more, copper exhibits high electrical conductivity. If super-
conductivity in the superconducting wire is lost locally, the
copper provides a parallel electrical current path, limiting a
risein electrical resistance and the associated heat generation.
With effective cooling, superconductivity can be restored to
the local, normally conducting region in the superconductor
(stabilizing function). Even if superconductivity cannot be
recovered, the copper protects the superconductor from dam-
age (“melting”) by limiting the increase in resistance and thus
limiting heat generation, while also efficiently removing the
resulting heat (quench protection). Moreover, the copper
improves the mechanical strength of the superconducting
wire.

[0008] Copper is not only an expensive material, it is also
relatively heavy with a density of approx. 8.9 g/cm?, which is
undesirable for many applications. Alternative materials for
stabilizing NbTi superconductors are therefore sought that
can at least partially replace copper. Pure aluminum (Al)
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would be a suitable material in terms of heat conductivity and
electrical resistance, and is less expensive than copper and,
with a density of 2.7 g/cm®, considerably lighter.

[0009] WO 2008/121764 Al proposes a NbTi supercon-
ductor structure with a Cu sleeve, an Al core and multifila-
ment NbTi rods disposed in a ring between them.

[0010] While Cu and NbTi are both relatively hard and
behave in a similar way when plastically deformed, Al is
much softer than NbTi and Cu. When wire containing Al
structures is drawn, in particular, an Al core, cracks that run
transverse to the longitudinal direction of the wire have been
observed in the NbTi superconducting wire. A wire contain-
ing cracks is of no use for superconductor applications.
[0011] U.S. Pat. No. 5,189,386 discloses a superconductor
structure in which an Al core is divided into six sectors by
Cu—Ni alloy layers. This structure is relatively complex.
[0012] U.S.Pat. No. 4,652,697 describes a superconductor
structure in which three Al wires and four multifilament wires
are bundled, for example, with NbTi filaments and a copper
matrix. One of the multifilament wires is disposed in the
center of the superconductor structure. The structure is held
together with PbSn solder. It is difficult to process solder in
wire production and, as an additional material, it can addi-
tionally aggravate the problem of crack formation.

[0013] JP 09 282953 A describes a Nb;Al superconductor
wire in which Nb;Al filaments are embedded in a copper
matrix. Embedded additional structures made of Nb or Ta can
be used for strengthening. In one embodiment, additional
structures with an Al rod in a Cu tube are proposed.

[0014] The object of the invention is to propose a stabilized
NbTi superconducting wire, which has low weight and
which, in the manufacturing process, especially during wire
drawing, reduces the risk of crack formation.

SUMMARY OF THE INVENTION

[0015] This object is achieved with a superconducting wire
of the type mentioned above, characterized in that at least a
portion of the hexagonal elements is constituted as Cu—Al
composite elements, wherein, in cross-section perpendicular
to the longitudinal direction of the superconducting wire, the
Cu—Al composite elements are each constituted with an Al
core and a Cu sheath that surrounds the Al core.

[0016] The invention proposes partially replacing copper
for the stabilization of the NbTi superconducting material
with aluminum, wherein a special hybrid construction is pro-
posed, which, in the case of plastic deformation processes
that occur when an NbTi superconducting wire is drawn, is
particularly suitable for reforming and prevents or avoids the
formation of cracks.

[0017] According to the invention, the aluminum is intro-
duced into the Cu—Al composite elements, wherein the alu-
minum constitutes a core, and copper completely surrounds
the Al core (as seen in cross-section perpendicular to the
longitudinal direction of the wire). The Cu—Al composite
elements can also be termed Cu-clad Al elements. The
Cu—Al composite elements are integrated in the inventive
superconducting wire.

[0018] The Al cores of Cu—Al composite elements are
mutually separated at least by the Cu sheaths (Cu cladding) so
that, in each case, only relatively small contiguous contact
surfaces of Al and Cu are formed. This limits the local
mechanical stress that occurs during reforming (in particular,
during wire drawing) at the Cu/Al interfaces. The contact
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surface between Al and Cu is inventively distributed across
many Cu—Al composite elements.

[0019] Furthermore, direct contact between Al cores and
NbTi structures is precluded, eliminating AI/NbTi interfaces
as a source of mechanical stress during reforming.

[0020] By using a multiplicity of Cu—Al composite ele-
ments in the inventive superconducting wire, the weight per
meter (i.e. the mass of the superconducting wire per length in
the longitudinal direction) can be considerably reduced as
compared with the exclusive use of copper to stabilize the
superconducting material.

[0021] By constituting the Cu—Al composite elements as
hexagons, they can be easily integrated into an inventive
superconducting wire. The hexagonal Cu—Al composite ele-
ments can then be disposed in a very compact way (typically
in bundles); in particular, cavities in the vicinity of Cu—Al
composite elements are avoided. This enables a high level of
control over the reforming process, so that the Cu cladding
around the Al cores is usually well protected during the wire
drawing process.

[0022] The inventive superconducting wire typically com-
prises at least 7, preferably atleast 19, especially preferably at
least 85 Cu—Al composite elements. The cross-section sur-
face of an inventive superconducting wire is typically occu-
pied by at least 15%, preferably at least 25%, especially
preferably at least 35%, of Cu—Al composite elements.

[0023] The aluminum (Al) of Cu—Al composite elements
typically has a high degree of purity (preferably >99 percent
by weight of Al); wherein traces of dopant can be contained in
the Al (for example, to introduce electrical and thermal prop-
erties), if desired. The copper (Cu) in the Cu—Al composite
elements and typically also in the other superconducting wire
preferably also has a high degree of purity (preferably >99
percent by weight of Cu), but can also occur in an alloy
containing copper (preferably =80 percent by weight of Cu,
especially preferably =90 percent by weight of Cu in the Cu
alloy).

[0024] Preferably a Cu—Al composite element within the
scope of the invention consists of 10-20 percent by volume of
copper (or of an alloy containing copper), and of approx.
80-90 percent by volume of aluminum.

[0025] Let it be noted that the Al cores in the Cu—Al
composite elements, as seen in cross-section perpendicular to
the longitudinal direction of the superconducting wire, typi-
cally also have a substantially hexagonal contour. Overall, the
inventive superconducting wire typically has a substantially
circular cross-section, but can have another contour, for
example, a hexagonal contour.

[0026] In an advantageous embodiment of an inventive
superconducting wire, the superconducting wire, as seen in
cross-section perpendicular to the longitudinal direction of
the superconducting wire, has at least three Cu—Al sectors,
wherein each Cu—Al sector has a multiplicity of contiguous
Cu—Al composite elements, and wherein the Cu—Al sectors
are azimuthally spaced, in particular wherein the Cu—Al
sectors are disposed in an azimuthally evenly distributed
fashion. The Cu—Al sectors are typically separated from one
another by NbTi elements (see below) in the azimuthal direc-
tion. The azimuthal spacing between the sectors creates
regions of low stress that prevent the formation of cracks. In
particular, mechanical stress resulting from reforming pro-
cesses in the azimuthal direction (circumferential direction of
the wire) can only build up over short distances.
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[0027] A variant of this embodiment is preferred in which
at least three Cu—Al sectors border onto a central Cu—Al
sector, which exhibits a multiplicity of contiguous Cu—Al
composite elements and whose cross-section is perpendicular
to the longitudinal direction of the superconducting wire at
the center of the superconducting wire. By using the center of
the superconducting wire as a Cu—Al central sector, addi-
tional cross-sectional area is available for using Al instead of
Cu.

[0028] Also advantageous is an embodiment that has a
superconducting wire which, as seen in cross-section perpen-
dicular to the longitudinal direction of the superconducting
wire, has at least three Cu—Al clusters separated from one
another, wherein each Cu—Al cluster has a multiplicity of
contiguous Cu—Al composite elements. Seen in cross-sec-
tion, the Cu—Al clusters are not contiguous; they are typi-
cally separated by NbTi elements and/or by a shaped tube (see
below). By separating the Cu—Al clusters, regions of low
stress are created that prevent the formation of cracks. In
particular, mechanical stress caused by reforming processes
can only be built up over short distances.

[0029] Especially preferred is an embodiment in which a
portion of the hexagonal elements is constituted as NbTi
elements, wherein the NbTi elements each have one or more
NbTi filaments. The NbTi elements can be handled easily
and, in particular, can be disposed very compactly in the
superconducting wire, especially in combination with the
Cu—Al composite elements. The NbTi elements are regu-
larly free of aluminum. It is important to note that, in the case
of multiple-stage bundling and drawing processes, hexagonal
elements can themselves contain hexagonal elements.
[0030] Ina preferred embodiment, the NbTi elements each
have a Cu matrix and/or a Cu enclosure. The Cu matrix or the
Cu enclosure stabilizes the NbTi filament(s) in terms of
superconductivity; in the reforming processes, no problems
are to be expected (in particular, no cracks) due to the similar
material properties of Cu and NbTi. The Cu matrix and/or the
Cu enclosure also provide a certain amount of mechanical
stabilization.

[0031] In another embodiment, the superconducting wire,
as seen in cross-section perpendicular to the longitudinal
direction of the superconducting wire, has at least three NbTi
sectors, wherein each NbTi sector has a multiplicity of con-
tiguous NbTi elements, and wherein the NbTi sectors are
azimuthally spaced. In the azimuthal direction (circumferen-
tial direction of the wire), the NbTi sectors are typically
separated from one another by Cu—Al composite elements.
With NbTi sectors, extensive regions can be established in
which, even after a reforming process, no significant
mechanical stress can occur. This limits overall stress in the
superconducting wire.

[0032] Anembodiment is also preferred in which the super-
conducting wire, as seen in cross-section perpendicular to the
longitudinal direction of the superconducting wire, contains a
central region that contains Al. By using the central region of
the superconducting wire as a Cu—Al central sector, further
cross-sectional area is available for using Al instead of Cu.
[0033] An embodiment is advantageous in which the cen-
tral region has a multiplicity of contiguous Cu—Al compos-
ite elements. By using Cu—Al composite elements, mechani-
cal stress after reforming processes is limited in the central
region.

[0034] Anembodiment is also preferred in which a shaped
tube, in particular, a Cu shaped tube, delimits the central
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region. Seen in cross-section, the inside and/or outside of the
shaped tube has contours for applying hexagonal elements. A
Cu—Al central cluster composed of contiguous Cu—Al
composite elements can disposed inside the shaped tube. The
shaped tube permits mechanical stabilization of the supercon-
ducting wire; this also makes it easier to join the supercon-
ducting wire.

[0035] Inanadvantageous embodiment, the superconduct-
ing wire has a sleeve, in particular, a Cu sleeve, into which
multiple mutually separated NbTi substructures are embed-
ded, wherein each NbTi substructure has one or more NbTi
filaments. The NbTi substructures can, in particular, have a
round cross-section. The sleeve is used as a matrix for the
NbTi substructures. This structure is particularly mechani-
cally stable.

[0036] Anembodiment is preferred in which the NbTi sub-
structures are azimuthally evenly distributed.

[0037] Ina further embodiment, the NbTi substructures can
be at an equal radial distance from the center of the supercon-
ducting wire. Alternatively, the NbTi substructures can be
distributed over two or more radial distances, wherein, in each
case, six or more NbTi substructures are at an equal radial
distance from the center of the superconducting wire. A sym-
metrical structure makes the superconducting wire particu-
larly stable.

[0038] Finally, another embodiment is preferred in which
the superconducting wire comprises an external enclosing
tube, in particular, a Cu enclosing tube. The enclosing tube
provides good mechanical stabilization of the superconduct-
ing wire. By simple means, one or more bundles of hexagonal
elements can also be disposed inside the enclosing tube.
[0039] Further advantages result from the description and
the drawing. Moreover, the features stated above and further
below can be used singly or together in any combination. The
embodiments shown and described are not intended to be an
exhaustive list but are rather examples to explain the inven-
tion.

[0040] The invention is shown in the drawing and is
explained in more detail using embodiments. The figures
show:

BRIEF DESCRIPTION OF THE DRAWING

[0041] FIG.1 A schematic representation of the production
of'a Cu—Al composite element (shown in cross-section per-
pendicular to the longitudinal direction);

[0042] FIG. 2 A schematic representation of the production
of NbTi elements (shown in cross-section perpendicular to
the longitudinal direction) for the invention;

[0043] FIG. 3 A schematic cross-section (perpendicular to
the longitudinal direction) through a first embodiment of an
inventive superconducting wire, with a random mixture of
Cu—Al composite elements and NbTi elements;

[0044] FIG. 4 A schematic cross-section (perpendicular to
the longitudinal direction) through a second embodiment of
an inventive superconducting wire, with four separate
Cu—Al clusters;

[0045] FIG. 5 A schematic cross-section (perpendicular to
the longitudinal direction) through a third embodiment of an
inventive superconducting wire, with five separate Cu—Al
clusters including one Cl—Al cluster in the central region of
the superconducting wire;

[0046] FIG. 6 A schematic cross-section (perpendicular to
the longitudinal direction) through a fourth embodiment of an
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inventive superconducting wire, with four azimuthally sepa-
rated Cu—Al sectors and one Cu—Al central sector that
connects sectors;

[0047] FIG. 7 A schematic cross-section (perpendicular to
the longitudinal direction) through a fifth embodiment of an
inventive superconducting wire, with four separate Cu—Al
clusters and one Cu shaped tube, which delimits a central
region of the superconducting wire and which contains an Al
core;

[0048] FIG. 8 A schematic cross-section (perpendicular to
the longitudinal direction) through a sixth embodiment of an
inventive superconducting wire, with a Cu shaped tube,
shaped on the inside and outside, which contains Cu—Al
composite elements;

[0049] FIG. 9 A schematic cross-section (perpendicular to
the longitudinal direction) through a seventh embodiment of
an inventive superconducting wire, with a multiplicity of
contiguous Cu—Al composite elements in a central region;
[0050] FIG. 10 A schematic cross-section (perpendicular to
the longitudinal direction) through an eighth embodiment of
an inventive superconducting wire, with a Cu sleeve in which
NbTi substructures are each embedded at the same radius;
[0051] FIG. 11 A schematic cross-section (perpendicular to
the longitudinal direction) through a ninth embodiment of an
inventive superconducting wire, with a Cu sleeve in which
NbTi substructures are embedded at two different radii.

DESCRIPTION OF THE PREFERRED

EMBODIMENT
[0052] Overview of the invention
[0053] This invention proposes integrating aluminum in an

NbTi superconducting wire, wherein the Al is inserted in
copper-clad Alrods, also called Cu—Al composite elements.
In this way, mechanical stress during cold work and/or wire
drawing, which results from differing resistance to deforma-
tion of soft Al on the one hand and ofhard NbTi and Cu on the
other hand, can at least partially be absorbed or compensated
for. In the inventive structure of the superconducting wire,
hard and soft material often alternates (especially, in the cir-
cumferential direction of the wire), and large (in particular,
circumferential) contact surfaces between hard Cu (and
NbTi) on the one hand, and Al on the other hand, are avoided.

[0054] Within the scope of the invention, almost any num-
ber of NbTi filaments can be integrated into a superconduct-
ing wire without causing the formation of cracks as part of
cold work processes (for instance, during wire drawing). This
is especially important because optimization heat treatment
(at approximately 350-400° C.) is not possible with NbTi—
Al composite material, because at the associated tempera-
tures, recrystallization processes begin and/or intermetallic
phases occur, which impede superconductivity. On the other
hand, conductivity can be regularly improved by cold work
and/or wire drawing (so-called APC material, APC=artificial
pinning center). According to this invention, NbTi APC mate-
rial is preferably used.

[0055] Aluminum has a low specific weight, so that replac-
ing Cu with Al saves weight in the superconducting wire,
which is particularly advantageous in larger structures (for
example, power cables for offshore wind farms). Moreover,
aluminum has good electrical conductivity and is therefore a
good (low-resistance) shunt resistor. With Al high residual
resistance ratios (RRR values) are possible, approx. 3000-
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5000 if the aluminum is very pure, which is considerably
higher than the RRR values of approx. 100-400 that can be
achieved with Cu.

[0056] Within the scope of this invention, Cu is not fully
replaced with Al but only partially, so that the remaining
copper can still contribute to the good mechanical strength of
the superconducting wire.

[0057] Hexagonal Elements

[0058] In an inventive superconducting wire, hexagonal
elements are used that are usually introduced into the super-
conducting wire as bundles; typically, the superconducting
wire, after introduction of the hexagonal elements (and any
other structures), is drawn once again.

[0059] At least a portion of the hexagonal elements in an
inventive superconducting wire is constituted as Cu—Al
composite elements. Typical production of a Cu—Al com-
posite element is illustrated in FIG. 1.

[0060] A round aluminum rod 2 is inserted into a round
copper tube 1 (tube 1 and rod 2 extend perpendicular to the
drawing plane in FIG. 1, which, like all the subsequent fig-
ures, shows the cross-section). Subsequently, the composite
material is drawn, which reduces the cross-section. At the
same time, it is pressed into a hexagonal cross-sectional
shape. The resulting Cu—Al composite element 3 then has an
Al core 4 and a Cu sheath 5 that completely surrounds the
latter (in cross-section), both of which have a hexagonal
(outside) cross-section. In the subsequent figures, the Cu—Al
composite elements 3 are depicted simplified as a hexagon
with a cross X (see illustration on right in FIG. 1).

[0061] Inaddition to the drawing method described in FIG.
1, a Cu—Al composite element can also be manufactured, for
example, by extrusion.

[0062] In many embodiments of the invention, NbTi ele-
ments are also used. NbTi elements also have a hexagonal
cross-section and contain one or more NbTi filaments.
[0063] FIG. 2 illustrates the typical production of NbTi
elements. An NbTirod 7 is inserted into a round Cu enclosure
6. In a subsequent drawing process, the cross-section is
reduced and pressed into a hexagonal shape. This results in a
simple NbTi element 9a with an NbTi filament 8a and a Cu
enclosure 10a.

[0064] If desired, several such NbTi elements 9a can be
bundled and disposed in a further round Cu enclosure 105. By
means of a drawing process, the cross-section can again be
reduced and pressed into a hexagonal shape, so that an NbTi
element 95 containing several (37 in this case) NbTi filaments
85 in a Cu enclosure 1056 is obtained.

[0065] NbTi elements of both types 9a, 95, are represented
simplified as an empty hexagon 9 in the subsequent figures
(see FIG. 2, both on the right).

[0066] Embodiments of Inventive Superconducting Wires
[0067] FIG. 3 shows a simple embodiment of an inventive
superconducting wire 12, in which the Cu—Al composite
elements 3 and NbTi elements 9 are randomly mixed in an
outside Cu enclosing tube 11. The NbTi elements 9 carry the
superconductor, whereas the Cu—Al composite clements 3
and the Cu enclosing tube 11 provide its stabilization. To
avoid cavities, Cu filler plates 19 can be inserted between the
Cu enclosing tube 11 and the hexagonal elements (Cu—Al
composite elements 3 and NbTi elements 9).

[0068] FIG.4 shows an embodiment of the inventive super-
conducting wire 12, in which the Cu—Al composite elements
are grouped in four Cu—Al clusters 13a-13d. Within each
cluster 13a-13d, the Cu—Al composite elements 3 of the
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cluster are contiguous, so that each Cu—Al composite ele-
ment within the cluster is joined to every other Cu—Al com-
posite element in the cluster either directly or via other
Cu—Al composite elements of the cluster. The clusters 13a-
134 are disposed mutually separated, that is, not contiguous
(in particular, not interconnected via Cu—Al composite ele-
ments), and are separated from one another by NbTi elements
9. The Cu—Al clusters 13a-13d are also spaced in the azi-
muthal direction (circumferential direction), so that the clus-
ters 13a-13d can also be termed Cu—Al sectors. The cluster
configuration keeps regions with reforming stress to a mini-
mum.

[0069] In the embodiment of the superconducting wire 12
in FIG. 5, four Cu—Al clusters 13a-134 are also provided as
in the previous embodiment, and in addition, in a central
region ZB, a further Cu—Al cluster 13e. The Cu—Al clusters
13a-13e are again disposed separately and are separated from
one another by NbTi elements 9.

[0070] In FIG. 6, the embodiment of the superconducting
wire 12 comprises four Cu—Al sectors 14a-14d, which are
composed of contiguous Cu—Al composite elements 3. The
Cu—Al sectors 14a-14d are separated from one another in
the azimuthal direction by NbTi sectors 16a-164d, which are
composed of contiguous NbTi elements 9. Furthermore, a
Cu—Al central sector 15 is provided, which is contiguous
with each of the Cu—Al sectors 14a-14d. The Cu—Al central
sector 15 also overlaps the center Z of the superconducting
wire 12. For better visibility, the Cu—Al central sector 15 is
represented by dots.

[0071] Within each sector 14a-14d, 15, the Cu—Al com-
posite elements 3 of the sector are contiguous, so that each
Cu—Al composite element within the sector is connected
with every other Cu—Al composite element of the sector
either directly of via other Cu—Al composite elements of the
sector. Within each sector 16a-16d, the NbTi elements 9 of the
sector are mutually contiguous, so that each NbTi element
within the sector is joined to every other NbTi element of the
sector either directly or via other NbTi elements of the sector.
It is important to note that the NbTi sectors 16a-16d can also
be termed NbTi clusters because not only are they spaced in
the azimuthal direction but they are completely separate from
one another (and not interconnected via NbTi elements). The
sector configuration also keeps regions with reforming stress
to a minimum.

[0072] FIG. 7 shows a further embodiment of an inventive
superconducting wire 12. It comprises four Cu—Al clusters
13a-13d of contiguous Cu—Al composite elements 3. The
Cu—Al clusters 13a-13d are mutually separated by NbTi
elements 9 (which are here grouped into four clusters or
sectors) and a Cu shaped tube 17 (and also spaced in the
azimuthal direction). The Cu shaped tube 17, which delimits
a central region ZB of the superconducting wire 12, has a
round Al core 18 and is shaped on its outside surface in such
a way that the surrounding hexagonal elements (Cu—Al
composite elements 3 and the NbTi elements 9) can be dis-
posed closely packed around its edge. It is important to note
that Cu shaped tube 17 is contiguous with all four Cu—Al
clusters 13a-134d.

[0073] The Al core 18 and the shaped tube 17 should not be
too large to prevent stress from building up or to keep it low.
[0074] Inorderto form a larger, central region ZB contain-
ing aluminum, a Cu shaped tube 17 shaped on the inside and
outside as shown in the embodiment of the superconducting
wire 12 of FIG. 8 can be used. Cu—Al composite elements 3
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are disposed in the shaped tube 17, forming a Cu—Al central
cluster, which is separated by shaped tube 17 from the NbTi
elements 9 that are located further out. By disposing the Al
material in the Cu—Al composite elements 3, only slight
reforming stress that does not result in the formation of cracks
builds up in the central region ZB, which is delimited by the
Cu shaped tube 17.

[0075] Outside the shaped tube 17, no Cu—Al composite
elements are disposed in the embodiment shown; however,
alternatively Cu—Al composite elements 3 could be pro-
vided outside the shaped tube 17, grouped in Cu—Al clusters.
[0076] Here, the superconducting wire 12 has a Cu enclos-
ing tube 11, with Cu filler plates 19 (shown with dark hatch-
ing) placed on its inner side to keep the NbTi elements 9
defined and compact. The Cu enclosing tube 11 and the Cu
shaped tube 17 give the superconducting wire 12 good
mechanical stability. The shaped tube 17 also makes the bun-
dling process in wire production easier.

[0077] As shown in FIG. 9, alternatively it is also possible
in another embodiment of the inventive superconducting wire
12 to dispose Cu—Al composite elements 3 in a central
region ZB without providing a shaped tube. NbTi composite
elements 9 then directly adjoin the Cu—Al central cluster,
which is constituted by the Cu—Al composite elements.
[0078] FIG. 10 shows a further embodiment of an inventive
superconducting wire 12, comprising a Cu sleeve 20 with
deep drill holes for NbTi substructures 21, in this case, NbTi
rods. An NbTi rod provides a single superconducting electri-
cal current path in the superconducting wire 12—that is, a
single NbTi filament; alternatively, a multifilament substruc-
ture can also be provided as the NbTi substructure, for
example, comprising a Cu matrix with several, typically nine-
teen or more, embedded NbTi filaments. The Cu sleeve 20 is
here surrounded by a Cu enclosing tube 11, so that the Cu
sleeve 20 can also be termed an intermediate sleeve. Cu—Al
composite elements 3 are disposed within the Cu sleeve 20
(inside the central drill hole); any cavities at the edge can be
filled in with Cu filler plates 19.

[0079] The NbTi substructures 21 are here disposed evenly
in the Cu sleeve 20 in the azimuthal direction and all are
located at the same radial distance (radius) R from the center
Z of the superconducting wire 12. Considerable weight can be
saved by using Cu—Al composite elements 3 in the central
region ZB of the superconducting wire 12.

[0080] The embodiment shown in FIG. 11 of an inventive
superconducting wire 12 is constituted without a Cu enclos-
ing tube; here the Cu sleeve 20 delimits the outside of the
superconducting wire 12 directly. In the Cu sleeve 20, deep
drill holes for NbTi substructures 21 are provided distributed
attwo radial distances (radii) R1, R2. The NbTi substructures
21 are disposed evenly distributed in the azimuthal direction
at both radial distances R1, R2. Cu—Al composite elements
3 are disposed in the central region ZB of the superconducting
wire.

[0081] To summarize, the invention describes NbTi super-
conducting wires, in which both aluminum and copper are
used to stabilize NbTi superconducting filaments. The alumi-
num is disposed in Cu—Al composite elements with a hex-
agonal cross-section, which have an Al core and a Cu sheath.
Preferably, aluminum is used exclusively in Cu—Al compos-
ite elements. In the individual composite elements, only
slight reforming stress can build up, so that cracks are pre-
vented from forming in the wire drawing processes that are
required to produce the superconducting wire. In addition, the
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Cu—Al composite elements can be grouped within the super-
conducting wire, so that the configuration of Cu—Al com-
posite elements in the circumferential direction is interrupted
at regular intervals, for example, by NbTi sectors of NbTi
elements. This further reduces reforming stress.

I claim:

1. A superconducting wire, the wire comprising:

NbTi superconducting material; and

a multiplicity of hexagonal elements, wherein, as seen in

cross-section perpendicular to a longitudinal direction
of the superconducting wire, said elements have a sub-
stantially hexagonal outer contour and at least a portion
of said hexagonal elements is constituted as Cu—Al
composite elements, wherein cross-sections of said
Cu—Al composite elements each extend perpendicular
to said longitudinal direction of the superconducting
wire, said Cu—Al composite elements having an Al core
and a Cu sheath that surrounds said Al core.

2. The superconducting wire of claim 1, wherein, as seen in
cross-section perpendicular to said longitudinal direction of
the superconducting wire, the superconducting wire has at
least three Cu—Al sectors, each Cu—Al sector having a
multiplicity of contiguous Cu—Al composite elements,
wherein said Cu—Al sectors are azimuthally spaced or dis-
posed in an azimuthally evenly distributed fashion.

3. The superconducting wire of claim 2, wherein at least
three Cu—Al sectors border a central Cu—Al sector, said
control Cu—Al sector having a multiplicity of contiguous
Cu—Al composite elements, is disposed at a center of the
superconducting wire and has a cross-section extending per-
pendicular to said longitudinal direction of the superconduct-
ing wire.

4. The superconducting wire of claim 1, wherein the super-
conducting wire, as seen in cross-section perpendicular to
said longitudinal direction of the superconducting wire, has at
least three mutually separated Cu—Al clusters, each Cu—Al
cluster having a multiplicity of contiguous Cu—Al compos-
ite elements.

5. The superconducting wire of claim 1, wherein a portion
of said hexagonal elements is constituted as NbTi elements,
said NbTi elements each having one or more NbTi filaments.

6. The superconducting wire of claim 5, wherein said NbTi
elements each have a Cu matrix and/or a Cu enclosure.

7. The superconducting wire of claim 5, wherein, as seen in
cross-section perpendicular to said longitudinal direction of
the superconducting wire, the superconducting wire has at
least three NbTi sectors, each NbTi sector having a multiplic-
ity of contiguous NbTi elements, wherein said NbTi sectors
are azimuthally spaced.

8. The superconducting wire of claim 1, wherein, as seen in
cross-section perpendicular to said longitudinal direction of
the superconducting wire, the superconducting wire has a
central region which contains Al.

9. The superconducting wire of claim 8, wherein said cen-
tral region has a multiplicity of contiguous Cu—Al compos-
ite elements.

10. The superconducting wire of claim 8, wherein a shaped
tube or a Cu shaped tube delimits said central region.

11. The superconducting wire of claim 1, wherein the
superconducting wire has a sleeve or a Cu sleeve into which
multiple mutually separated NbTi substructures are embed-
ded, each NbTi substructure having one or more NbTi fila-
ments.
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12. The superconducting wire of claim 11, wherein said
NbTi substructures are azimuthally evenly distributed.

13. The superconducting wire of claim 11, wherein said
NbTi substructures are disposed at a same radial distance
from a center of the superconducting wire.

14. The superconducting wire of claim 11, wherein said
NbTi substructures are distributed at two or more radial dis-
tances, six or more NbTi substructures being at a same radial
distance from a center of the superconducting wire.

15. The superconducting wire of claim 1, wherein the
superconducting wire comprises an outer enclosing tube or a
Cu enclosing tube.
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